LiMn 2 O 4 presents a first order structural transition at 290 K that was known to perturb the functioning as cathode in rechargeable Li batteries. We have solved the structure at 230 K and deciphered unambiguously the nature of this phase transition. The analysis of valence bond sums shows that the transition results from a partial charge ordering: two of the five Mn sites correspond to well-defined Mn 41 and the other three sites are close to Mn 31 ions. Charge ordering is accompanied by simultaneous orbital ordering due to the Jahn-Teller effect in Mn 31 ions. The microscopic details obtained from the structure are crucial for understanding the electron hopping persisting below the transition.
An increasing interest has developed around Li-Mn-O spinels due to their potential use as positive electrode materials in lithium rechargeable batteries. A vast majority of the studies devoted to these compounds deal with their electrochemical characteristics in lithium cells [1] [2] [3] , but, only very recently, their structural and physical properties have also been studied [4] [5] [6] [7] [8] [9] [10] [11] [12] . The stoichiometric compound LiMn 2 O 4 presents a first order structural transition [7] [8] [9] [10] [11] close to room temperature (RT) that was attributed to a Jahn-Teller distortion. On the other hand, in the last few years there has been an increasing interest in the electronic properties of oxides [13] . High temperature superconductivity and colossal magnetoresistance are well known examples in this field. In the case of Mn perovskites close to the composition ͑R 1͞2 D 1͞2 ͒MnO 3 (R: trivalent rare earth; D: divalent ion), structural phase transitions accompanied by sharp modifications of electronic and magnetic properties have been attributed to charge ordering [14] . This phenomenon is supposed to be due to the Coulomb interaction that overcomes the kinetic energy of carriers below a certain temperature (Wigner crystallization) producing an alternating Mn 31 -Mn 41 NaCl-like lattice. This mechanism was first invoked by Verwey in 1941 to explain the low temperature transition in magnetite Fe 3 O 4 as a Fe 21 Fe 31 ordering within the B sites of the spinel structure [15] . The charge-ordering processes (sometimes called Verwey transitions) are fascinating phenomena that occur in systems with different crystal structures and give rise to different ordering patterns [16, 17] . In spite of a different lattice organization of Mn ions in the spinel as compared to Mn perovskites, it is reasonable to expect some kind of similar electronic behaviors in both families. Most of the differences might possibly be explained by the different topology of the Mn-O sublattices.
To date, the structural details of charge-ordered Mn perovskites are quite limited since the superstructure reflections in neutron powder diffraction patterns are barely visible and single crystals show complicated twinning effects. This is also applicable to the structure of magnetite where the true crystal structure is yet not well established [18, 19] . Electron diffraction provides the unit cell of the charge-ordered state, but only semiquantitative information can be obtained from the direct images [19] .
It is extremely important to know whether the ionic picture usually invoked to describe the charge ordering in these materials is supported by structural experimental evidence. For instance, the simple NaCl-like ordering picture of Mn 31 and Mn 41 ions in La 1͞2 Ca 1͞2 MnO 3 has not yet been confirmed definitively even if experimental data are not in contradiction with such a picture. The need to constrain the structural parameters to successfully analyze the diffraction data [20] shows that the above-mentioned evidence is still lacking in the case of Mn perovskites. Here we show that the ionic picture is well supported in the case of LiMn 2 O 4 spinel and we demonstrate that the chargeordered state is not complete at 230 K.
Pure LiMn 2 O 4 was prepared by two successive solidstate reactions of 8 h at 1073 K starting from Li 2 CO 3 and MnO 2 [21] . Chemical titration of the sample provided an average valence for Mn of 3.50 6 0.02. Differential scanning calorimetric experiments confirm the presence of a first order transition around RT. With a cooling rate of 5 K͞min, the transformation cubic ! orthorhombic starts at 290 K with a hysteresis of 10 K.
Neutron diffraction experiments were performed at the Orphée reactor at the Laboratoire Léon Brillouin. The high-resolution neutron powder diffractometer 3T2 was used for data collection with high direct space resolution ͑l 1.225 Å, Q max 9.2 Å 21 ͒ above and below the phase transition. A cryofurnace (sample under helium) was used to vary the temperature. Here we present the data collected at 230 and at 350 K. The program FULLPROF [22] was used for crystal structure refinement using the Rietveld method.
The high temperature form was carefully studied at 350 K ͓a 8.2495͑2͒ Å͔ to confirm the crystalline quality and the stoichiometry of the sample. The refined structural parameters were (i) the oxygen parameter x of the Wyckoff site 32e (space group Fd3m, origin choice at inversion center), (ii) the occupation of the oxygen site, (iii) the isotropic temperature factor of Li, and (iv) the anisotropic temperature factors of Mn and O. The final Bragg R factor was 1.2%. The refined value of x was 0.26301(3) and the oxygen occupation refined to the nominal value within the experimental error. [23] , the valence obtained is 3.39 v.u. The correction of the calculated valence for using d 0 for RT is negligible ͑DV , 0.02 v.u.͒ [25] .
The neutron powder diffraction patterns at low temperature showed many small superstructure reflections, which we recognized immediately to be at the origin of a big unit cell. The indexing of the pattern using solely the neutron data was ambiguous and gave several reasonable solutions due to the strong overlap between neighboring reflections. The information provided by electron diffraction at different temperatures was of capital importance for finding the Fddd "3a 3 3a 3 a" cell. Similar observations were recently reported by Oikawa et al. [10] who propose an average orthorhombic structure ͓a 8.2797͑2͒, b 8.2444͑3͒, c 8.1981͑2͒ Å͔ to describe their neutron diffraction pattern, despite evidence of a tripled periodicity in their electron diffraction photographs.
The sample for electron microscopy was prepared by crushing the crystals in alcohol. The small flakes in suspension were deposited on a holed carbon film, supported by a copper grid. The electron diffraction (ED) study versus temperature was carried out with a JEOL 2010 electron microscope fitted with a double tilt cooling sample holder ͑640 ± ͒. The ED patterns were recorded from 92 K to RT keeping a constant electron current density. At the lowest temperature we studied the ED patterns of thirty crystals. All of them can be indexed considering a spineltype subcell with a system of extra reflections. A large majority of the crystallites (26͞30) exhibit a common 3a 3 3a 3 a supercell, whereas the others (4͞30) are characterized by a different superstructure that transformed to the 3a 3 3a 3 a supercell on heating. The reconstruction of the reciprocal space was carried out, for the majority phase, by tilting around the main crystallographic axes. The extinction conditions are compatible with the Fddd space group. The same reciprocal plane ([001] zone axis, hk0 reflections) is shown for the high temperature phase [ Fig. 1(a) ] and for the low temperature phase [ Fig. 1(b) ].
The structure of the low temperature form was solved with the help of a program that generates atoms in supercells with changes of origin. The final atom positions are given in Table I . It is worth mentioning that five sites of Mn ions are found so that the crystal structure does not support a total charge ordering that needs an even number of sites for the Mn 31 ͞Mn 41 1 ratio. In Fig. 2 parts of the observed and calculated diffraction patterns are shown for both phases.
Electronic conductivity measurements [21] gave similar results to those already published [9] , showing an abrupt increase of resistivity upon cooling to the low temperature phase. The activation energy of the low temperature form is slightly higher but similar to that of the high temperature. This fact was interpreted [8] [9] [10] as the consequence of the appearance of a new insulating "tetragonal phase" coexisting with a smaller volume fraction of cubic phase. Our study reveals that only one phase, orthorhombic, exists at 230 K. The charge carriers are very probably JahnTeller small polarons.
The analysis of the structure obtained from the Rietveld refinement of our neutron data clearly shows the electron ordering nature of the phase transition and allows us to 
interpret the resistivity measurements. The data presented in Table I correspond to a structure refinement performed at 230 K. The use of the RT values for d 0 in Table I Fig. 3 an idealized projection along [001] of the Mn and Li sites within a unit cell. Oxygen atoms have been removed from the drawing. We have used the same symbol to represent all the Mn 31 -like sites and another symbol for the two Mn 41 sites. Neglecting the z position of the atoms, it is apparent that octagonal cylinder surfaces (hole-rich regions), containing all the Mn 41 , wrap two types of Mn 31 columns (electron-rich regions) which are distinguished by the presence, or lack thereof, of Li ions. The space between the octagonal cylinders is occupied by columns containing the Mn(1) site in the special position ͑16d͒.
The average valence of Mn ions, obtained from chemical analysis and structure refinement at high temperature, indicates that the number of holes (Mn 41 ) in the e g band is equal to the number of electrons (Mn 31 ) available for hopping. The crystal structure indicates that there are 64 ͓32 Mn͑4͒ 1 32 Mn͑5͔͒ localized holes per unit cell, so there are eight remaining holes per cell distributed within the 80 ͓16 Mn͑1͒ 1 32 Mn͑2͒ 1 32 Mn͑3͔͒ Mn positions. Thus, a certain electron hopping should persist at low temperature as revealed by the previous analysis. This is perfectly consistent with the semiconducting characteristics of the compound below the transition temperature and explains the weak change in the activation energy through the transition. The diminution of the conductivity upon cooling is primarily due to the diminution of the number of carriers and of the number of sites available for hopping. The static distortion of the three Mn 31 O 6 octahedra (Table I) is consistent with a slightly attenuated Jahn-Teller effect [26] due to the remaining electron hopping towards the eight holes per cell. The charge ordering process is, consequently, accompanied by the presence of an orbital ordering which is the manifestation of the JahnTeller polaronic nature of the mobile charges above and below the transition temperature.
To our knowledge this is the first time that a partial charge-ordering transition is clearly observed in a Mn oxide. The transition to a totally charge-ordered state at lower temperature should not be disregarded. The observation in ED patterns of some crystallites with a more of the total number of holes are mobile within the Mn 31 sublattices.
of Coulomb interaction and another mechanism implying electron-lattice coupling as in the Jahn- 
